Objective. To obtain anatomical data of maxillary-zygomatic complex based on simulating the zygomatic implantation using cadaver heads and three-dimensional computerized tomography (3D-CT). Methods. Simulating zygomatic implantation was performed using seven cadaver heads and 3D-CT images from forty-eight adults. After measuring the maxillary-zygomatic complex, we analyzed the position between the implantation path and the maxillary sinus cavity as well as the distance between the implantation path and the zygomatic nerve. Results. The distance from the starting point to the endpoint of the implant was 56.85 ± 5.35 mm in cadaver heads and 58.15 ± 7.37 mm in 3D-CT images. For the most common implantation path (80.20%), the implant went through the maxillary sinus cavity completely. The projecting points of the implant axis (IA) on the surface of zygoma were mainly located in the region of frontal process of zygomatic bone close to the lateral orbital wall. The distances between IA and zygomatic nerve in 53 sides were shorter than 2 mm. Conclusion. The simulating zygomatic implantation on cadaver skulls and 3D-CT imaging provided useful anatomical data of the maxillary-zygomatic complex. It is necessary to take care to avoid the zygomatic nerve injury during implantation, because it frequently appears on the route of implantation.
Introduction
Endosseous implantation is a standard procedure for edentulous patients [1] . Lacking of sufficient maxilla bone volume, due to bone resorption or pneumatization of the sinus, usually leads to complications and difficulties during implantation [2] . Therefore, implantation in the posterior maxilla region requires augmentation of the bone volume and repeated autologous bone grafting [3] . This procedure significantly increases the successful rate of bone augmentation and implantation; however, the extra surgery for bone harvesting under general anesthesia may increase infection changes and is cost-ineffective [3, 4] . Complications due to bone grafting include sinusitis and loss of grafts [5] . Established by Brånemark in 1997, zygomatic implantation became an innovative method of endosseous implantation in the posterior maxilla region [6, 7] . The implant is usually inserted from the crest of the alveolar process, along the lateral wall of maxillary sinus or through the cavity of maxillary sinus, and ends inside the zygoma bone [8] . Zygomatic implantation has a significant higher success rate, avoiding the disadvantages of bone grafting [9] [10] [11] . Due to the extra length of the implant body and the complicated structure of maxillary-zygomatic complex, it is essential to decide the insertion route. Deviations on the inserting angle may lead to severe damage including lateral orbit wall penetration that might hurt the eye ball or perforating zygoma bone into infratemporal fossa. The structures of zygoma bone exhibit individual variations, which makes the anatomical study challenging. To date, researchers are working on collecting anatomical information of zygomatic implantation, the majority obtained from cadavers or zygomatic bone specimens, using either histomorphometry or manual measurement [1, 8, 12] . In 2003, Van Steenberghe et al. simulated the installation of the implants in human cadavers, using an adopted 3D-CT planning system with surgical drilling guide. However, they did not measure the maxilla or the distance between the implants from zygomatic nerves [13] . Although the reported successful rate of zygomatic implantation was 95.8%-100% [10] , most of the clinic research did not include randomized controlled trials (RCTs) to confirm efficacy of zygomatic implants in comparison with traditional bone augmentation procedures. Navigation technique has been used in zygomatic implantation recently [14] . It is a valuable tool, and it would play a more important role in the surgical procedure if carried out with more detailed anatomic information of maxillary-zygomatic complex.
In the current study, we performed CT scanning and 3D reconstruction, mimicked the inserting routes of implants using 3D-CT head images, and analyzed the anatomical structures during zygomatic implantation. Our results provided detailed anatomical information for future zygomatic implantation procedures.
Materials and Methods

Subjects.
We collected seven cadaver heads with edentulous jaws (ages from 60 to 80, with the average 75) from the Department of Anatomy and Histology and Embryology in Peking University Health Science Center to perform simulation of zygomatic implantation (Figures 1 and 2 ). 3D-CT head images of 48 patients (counting both sides, = 96) without zygomatic, maxillary, or sinus diseases were obtained from the Department of Medical Radiology in Peking University School and Hospital of Stomatology (Figure 3 ). 27 males and 21 females were enrolled in the study, including 7 patients with edentulous jaws. The ages of the patients ranged from 17 to 89, with the average of 45.
The Simulation of Zygomatic Implantation on the Skulls
and CT Scanning. In order to confirm the reliable implantation route, we performed zygomatic implantation simulation using cadaver heads with edentulous jaws with Strong Series Micro Motor Handpiece (STRONG 208-102 WL) (Saeshin Precision Co., Ltd., Daegu, Korea) and long dental drills (Figure 1) . Brånemark method [6] was used during the implant installation. An imaginary line was drawn vertically to the infraorbital foramen intersecting with the top of alveolar crest. The starting point of the implant was 5 mm to the palatal side from the intersection point. The clinicians need to be cautious to avoid the implantation route going through the orbit wall or the infratemporal fossa. The implantation route terminated at the surface of the zygoma. We evaluated the following after the procedure: the width of the alveolar crest at the starting point, the location of the endpoint at the zygoma surface, and the completeness of the lateral orbit wall and the front wall of infratemporal fossa.
Then spiral CT scanning images (light speed plus 4, General Electric, Milwaukee, WI, USA) of the cadaver heads were collected (1.25 mm thick; 120 kV, 180 mA) for further evaluation ( Figure 2 ). We measured the angle between the line crossing the bilateral infraorbital foramen (LBIF) and the implantation route (∠ ), the position between the implantation route and the maxillary sinus, and the distance between the starting and the end points. 
The Simulation of Zygomatic Implantation on the CT
Scanning Images. Spiral CT scanning images (light speed plus 4, General Electric, Milwaukee, WI, USA) from the patient heads were collected (same positions as the cadavers).
To simplify the measurement of the anatomical structures of maxilla and zygoma, the indications listed below were followed when simulating the zygomatic implantation on the 3D-CT images (implantation diameter: 4 mm) based on the standard of implantation [8, [15] [16] [17] (Figures 3 and 4) . (a) For the patients with dentulous jaws, the insertion location of the installation was at the palatal top of the alveolar crest between the first and the second molars; for the patients with edentulous jaws, the insertion location of the installation was 5 mm to the palatal side from the point of the intersection of the vertical line going through the infraorbital foramen and the top of alveolar crest.
(b) To obtain the maximum support from the bone body, the implantation route went through bony structures as deeply as possible, including maxillary alveolar process, bone wall of maxillary sinus, and zygoma bone body. The thickness of the zygomatic bone surrounding the implantation route should be no less than 1 mm.
(c) To avoid injuries, the implantation route should not go through the orbit wall to avoid eye ball injuries, or go through the infratemporal fossa to avoid interfering infratemporal space.
With GE advantage workstation software version 4.0 (General Electric, Milwaukee, WI, USA), the 3D-CT images with implant axis (IA) were rotated to obtain the tomographic images vertical to IA. These images indicated the structure around the implant clearly, including the position of the implant and the bony structure, the thickness of the bones surrounding the implant, where the implant entered the maxillary sinus and the zygomatic bone body, and the location of the zygomatic nerve. Measurements of the following parameters were performed based on the 3D-CT images: the width and the thickness of zygoma ( Figure 5 ), the width of the alveolar crest of the implant starting point, the angle between the line crossing the bilateral infraorbital foramen (LBIF) and IA (∠ ), the distribution of the crossing points of IA extension line and the zygomatic surface ( Figure 5 ), the position of the zygomatic implant and the maxillary sinus ( Figure 6 ), the position of the zygomatic implant and the zygomatic nerve, and the distance between the starting point and the endpoint of the zygomatic implant ( Figure 6 ).
In Figure 5 , the projecting points of IA extension on the surface of the zygoma and the width of the zygoma were shown. The jugale (Ju) point was the most depressed point on the lateral surface of the zygoma, where the lateral margin of the zygomaticofrontal process met the upper margin of the zygomaticotemporal process. Point O was defined as the point where the line through point Ju parallel to the line crossing the bilateral infraorbital foramina (LBIF) crossed the lateral margin of the orbit. The distance between point Ju and point O was defined as the width of the zygoma. The distance between the internal surface and the external surface of zygoma at the midpoint of the line Ju-O was defined as the thickness of the zygoma. The spots on the surface of left zygoma show the relative positions of the projecting points of IAs determined in all cases.
In Figure 6 , three types of position relationships between the implant and the maxillary sinus cavity were shown: type I (part of the implant was completely inside the sinus cavity and unsupported by the bone body); type II (part of the implant entered the sinus cavity and part remained embedded in the sinus bone wall); type III (the middle part of the implant is totally located inside of the maxillary sinus bone walls and no part of the implant entered the sinus cavity). The points A, B, C, D, E, and F could be seen in Figure 6 . We measured the distances between the two proximate points (AB, BC, CD, DE, and EF) and calculated the distance between the starting point and the endpoint of IA, the lengths of the part partially in the sinus cavity (BC + DE), and the part totally embedded in bone (AB + EF). 
Statistical Analysis.
One clinician performed all the measurements to minimize error. The data were presented as mean ± standard deviation. Unpaired -test was applied. values equal to or smaller than 0.05 were considered significant. All analysis was performed using SPSS version 11.5 (SPSS Inc., Chicago, IL, USA).
Results
The Simulating Zygomatic Implantation on the Skulls and the CT Scanning.
We found that the width of the alveolar crest at the implant starting point was 3 ± 0.52 mm using the seven skull specimens. All the endpoints of the implants were located on the surface of the zygoma near the orbit wall. All specimens had intact lateral orbit walls and front walls of infratemporal fossa after the installation.
The CT scanning showed the following results: the angle between LBIF and the implantation route (∠ ) was 56.54 ± 2.05 ∘ ; all the implant routes went through the maxillary sinus; the distance between the starting point and the endpoint was 56.85 ± 5.35 mm.
The Simulation of Zygomatic Implantation on the CT Scanning Images
The Width of the Alveolar Crest at the Implant Starting
Point. The width of the alveolar crest at the implant starting point in male patients (11.62 ± 1.47 mm) was significantly longer than the width in female patients (10.78 ± 2.02 mm) ( < 0.05, Table 1 ).
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A A A Figure 6 : Three types (types (I), (II), and (III)) of position relationships between the implant and the maxillary sinus cavity. The starting point of IA on the alveolar crest was defined as point A. If the implant entered the sinus cavity, the point at which it first entered the sinus cavity was defined as point B. The point at which the implant was entirely inside the sinus was defined as point C, and the point at which the implant began to reenter bone was defined as point D. The point at which the implant exited the sinus wall and completely entered bone was defined as point E. The endpoint of IA was defined as point F. 
The Distance between the Starting Point and the Endpoint and the Angle between the Line Crossing the Bilateral Infraorbital Foramen (LBIF) and IA (∠ ).
Overall, the distance (mean ± SD) between the starting point and the endpoint of the implant in all the patients was 58.15 ± 7.37 mm (ranging from 36.46 to 72.35 mm). The distance in male patients (59.59 ± 7.50 mm) was significantly longer than the distance in female patients (56.29 ± 6.85 mm) ( < 0.05). The implants had various distances in different tissues/bone bodies ( Table 2 ). The portion inside the bone body was longer than 10 mm in the majority of the implants, except for 2 cases (5.94 mm and 8.70 mm, 2.08% of the total cases). The angle between the line crossing LBIF and IA (∠ ) in male patients (55.93 ± 3.48 ∘ ) was significantly greater than the angle in female patients (53.73 ± 4.89 ∘ ) ( < 0.05).
The Distribution of the Crossing Points of IA Extension
Line and the Zygomatic Surface. The crossing points were distributed on the zygomatic surface near the lateral orbit wall. To simplify the analysis of the distribution, we set an imaginary line through the jugale point (Ju) that was parallel to LBIF (Ju-O line, Figure 3 ). Our results indicated that 87.5% of the crossing points of IA extension line and the zygomatic surface fell above or on the Ju-O lines. The crossing points that fell above the Ju-O lines had a distance of 5.64 ± 3.34 mm from the Ju-O lines, whereas the ones that fell below the Ju-O lines had a distance of 3.17 ± 2.00 mm from the Ju-O lines.
The Positions of the Zygomatic Implant and the Maxillary
Sinus. We summarized three categories of positions of the zygomatic implant and the maxillary sinus ( Figure 5 and Table 2) .
(I) The medial part of the implant was completely inside the sinus cavity and not supported by the bone body (80.20%).
(II) Part of the implant entered the sinus cavity and part remained embedded in the sinus bone wall (15.63%).
(III) The medial part of the implant was totally located inside of the maxillary sinus bone walls and did not enter the sinus cavity (4.17%).
The Position of the Zygomatic Implant and the Zygomatic
Nerve. The zygomatic nerves were found in all patients using CT images. 53 cases (sides) (55.21% of all cases) had the shortest distance between IA and zygomatic nerve less than 2 mm.
The Comparisons between the Patients with Dentulous
Jaws and with Edentulous Jaws. On average, the patients with edentulous jaws were 32.19 years older than the ones with dentulous jaws ( < 0.05). The angles between the line crossing the bilateral infraorbital foramen (LBIF) and IA (∠ ) in the patients with edentulous jaws were 3.27 ∘ smaller than the ones in the patients with dentulous jaws ( < 0.05), whereas the widths of alveolar crest at the starting point were 1.28 mm narrower compared to the patients with dentulous jaws ( < 0.05). The other measurements did not exhibit significant difference between the two types (Table 3 ).
Discussion
In the present study, we simulated the zygomatic implantation on cadaver skulls and 3D-CT head images and measured the anatomical parameters of the area around the implantation route, including the length of the implant inside the bone body, the distance between the implant and the zygomatic nerve, and the position of the implant in/around the maxillary sinus bone wall. Most of the previous studies on maxilla and zygoma that are related to the application of zygomatic implantation were done with traditional methods, including direct measurements on cadaver samples and tissue morphological analysis [1, 8, 12] . However, these traditional methods were not perfect. For instance, during direct measurements, the starting points and endpoints of the zygomatic implantation were all at the same point without considering the individual anatomical variations [8] . The surfaces of the zygomatic-maxillary complex have relatively large curvatures that vary in different individuals when working with patients. The combination of all information determines the range of the simulating implant route that the clinicians should follow to avoid injuries, including penetrations into maxillary sinus front wall, lateral orbit wall, or infratemporal fossa. In addition, traditional methods were not suitable for intact samples, because it was difficult to obtain the structural details about the surrounding tissues. In 2003, Nkenke et al. performed morphological analysis of the implant surrounding tissues, through sawing the region of the second premolar perpendicular to the zygomaticoalveolar ridge in the plane of the intended direction of implant installation [1] . Apparently, finding the intended direction and plane of implant placement is difficult without advances in imaging. In the current study, we simulated the zygomatic implantation with 3D-CT images before the measurements which allowed us to find an ideal direction and plane for implantation.
Choosing a proper technique for the implant installation is essential for the entire procedure. In 2013, Chrcanovic et al. compared five different zygomatic implantation methods and pointed out the advantages as well as the complications such as the anatomical structures of alveolar crest, maxillary sinus, and zygoma [18] . To facilitate our procedure, we chose the classical Brånemark method for the simulating zygomatic implantation. Ideally, the implant would be located inside the zygomatic-maxillary complex without perforating zygoma or being exposed towards mucous membrane, which eliminated the risk of infection.
There are two important aspects in zygomatic implantation: the zygomatic-maxillary complex and the implant. With more information and data that we could obtain, we will achieve better outcomes during the procedure. Many studies have focused on the linear and angular measurements for the insertion of zygomatic implants [8, 19, 20] . In 2011, Corvello et al. evaluated the length of the holes drilled during the zygomatic implantation and compared the two surgical methods including the original Brånemark and the Exteriorized protocols [20] . They found that the Exteriorized technique increased the length of the drilling holes which might provide more support for zygomatic implants. In addition, among the 13 sections on the zygomatic bone surface, the most frequent positions where the implants emerged were sections 9 and 12 in both methods. We confirmed this result. Takamaru et al. demonstrated the importance of obtaining the height and the thickness of the zygomatic bone [21] . They designated eight points as landmarks and the thickness of each part of the zygomatic bone was measured using calipers. The thickness of the zygomatic bone at the 90 ∘ angle point where the apex of the implant penetrates was 1.8 ± 0.4 mm, which was thinner than the diameter of the implant (2.8 mm), indicating that another insertion method is required. However, these studies were performed on the surface of dry skulls and they did not consider the anatomical structure of the zygomatic bone.
Here, we used the 3D-CT images in the planes vertical to the implant axis instead of other planes (sagittal, coronal, and horizontal), to provide the anatomical data of the zygomaticmaxillary complex closer to the zygomatic implant. Based on the position of the implant route to the maxillary sinus, we divided the cases into three categories (as described in Results). 80.20% of the cases were type I that the middle part of the implant went through the maxillary sinus cavity completely. However, the average length of the implant embedded inside the bone was 26.10 mm in type I patients, indicating that most of the zygomatic implants had enough support from maxilla and zygoma. We found that two cases in type I patients had embedded part of the implants less than 10 mm, which could not provide enough support from the bone body when installing zygomatic implantation. Type III patients had smaller maxillary sinuses and thicker bone walls, which could provide enough bone body to support. For type III patients, clinicians could choose shorter implants in order to simplify the procedure and eliminate the risk of complications. According to our results, most of the patients in the present study had zygomatic-maxillary complexes that were suitable for the zygomatic implantation. The distance between the implant starting point and the endpoint was 58.15 ± 7.37 mm, which could be used as a reference in future clinical practice.
Another concern of zygomatic implantation is zygomatic nerve (nervus zygomaticofacialis) injuries. In 2003, Nkenke et al. performed histological analysis in the plane of the intended direction of implant installation. In 19 out of 30 specimens the nervus zygomaticofacialis was encountered. They also predicted that the zygomatic nerve injuries may occur during the implantation [1] . We detected the zygomatic nerves in the zygomas of all patients with the help of 3D-CT scanning. 55.21% of the patients had a shortest distance between the zygomatic nerve and the implant route for less than 2 mm. The diameter of the implants was 4 mm. It is possible that the implant installation would cause zygomatic nerve injuries. Since the zygomatic nerve projects to the skin around the zygomaticotemporal area, sensitivity disorder of the malar skin might happen. Some authors have reviewed the complications of zygomatic implantation [22, 23] . The damage of zygomaticofacial nerves could occur during clinical procedure of implant placement. According to our study, proper preoperative design and careful preoperative examination, especially CT images, should be performed to check the position of zygomatic nerve and avoid injuring it. Consideration of zygomatic nerve before case planning would be very important particularly for those surgeons who just begin to use the zygomatic implants.
We discovered that the crossing points of IA extension line and the zygomatic surface are mostly distributed on the surface of frontal process of zygomatic bone near the lateral orbit wall, which was consistent with previous observations [7] . We believe that the smaller angles between LBIF and IA (∠ ) in the patients with edentulous jaws compared to dentulous jaws contribute to the resorption of alveolar bones.
Conclusion
We performed the simulation of zygomatic implantation in 7 cadaver skulls and 3D-CT images from 48 patients (96 sides), measured the parameters involved in the implant installation, and obtained detailed and reliable anatomical data of the zygomatic-maxillary complex. The application of 3D-CT scanning could be utilized as a resourceful guidance during the zygomatic implantation in the future to choose the optimal routes and protect the zygomatic nerve.
